ABSTRACT. To elucidate the roles of both constitutive endothelial nitric oxide synthase (eNOS) and neuronal NOS (nNOS), and inducible NOS (iNOS) in acute experimental testicular torsion, the expression of iNOS and constitutive eNOS and nNOS were studied in the rat testis with ischemia/reperfusion (I/R) injury. Western blot analysis showed that all three isoforms of NOS increased significantly at 24-48 hr after I/R and declined slightly thereafter. After I/R, immunoreactivity for both iNOS and nNOS was detected, mainly in the interstitial space around damaged tubules, while germ cells in the damaged tubules were immunostained intensely for eNOS. We postulate that increased expression of the three NOS isoforms in the testis after I/R, which might generate nitric oxide, affects delayed germ cell death following I/R via paracrine or autocrine fashion. KEY WORDS: ischemia/reperfusion, nitric oxide synthase, testis.
Testicular torsion has been implicated in testicular injury and infertility. The main pathology of testicular torsion is ischemia and reperfusion (I/R) injury of the testis, which is caused by the twisting and subsequent release of the spermatic cord [18] . The reperfusion is one of the most important factors in further injury [1] . In this animal model, several signal transduction molecules are expressed in the death/survival of the testicular cells following I/R. Several recent studies have reported on the expression of cell death molecules, including Bax, caspase 1, 2, and 3, Fas, Fas ligand, and nitric oxide (NO) [4, 5, 11] and survival molecules, including nerve growth factor and hepatocyte growth factor, and their receptors [8, 9] and their possible roles in germ cell death and survival following I/R in the rat testis.
Although several investigators have reported that NO, which has dual effects on cell survival and death, is involved in testicular disorders, including testicular torsion and inflammation [2, 11, 12, 19] , little is known about the functional roles and temporal profiles of the synthases, including the constitutive and inducible forms of NO synthase (NOS), in acute testicular I/R. Nevertheless, the critical roles of NO generated by the three NOS isoforms-inducible NOS (iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS)-in cell growth, differentiation, and death have been delineated. This study examined the expression and localization of the three NOS isoforms (iNOS, eNOS, and nNOS) to investigate the possible role of NOS in the pathogenesis of testicular I/R injury in acute experimental testicular torsion.
Male adult Sprague Dawley rats (250-300 g) were anesthetized for surgery with sodium pentobarbital (50 mg/kg body weight, i.p.). All surgical procedures were performed as mentioned in our previous studies [7] [8] [9] . The left scrotum was incised, and the left spermatic cord was rotated 720° clockwise to minimize individual variation in blood flow. After 1.5 hr, the torsion (i.e., ischemia) was relieved (i.e., reperfusion), and the testis was returned to the scrotum. Testes were collected at 3, 6, 12, 24, 48, and 96 hr after reperfusion. Tissue samples were processed for paraffin embedding or stored at -70°C for later biochemical analysis. All animal experiments followed a protocol approved by the Committee for Animal Experimentation, of the University of the Ryukyus.
Frozen tissues were thawed at room temperature, minced, homogenized, and lysed in a buffer containing 40 mM TrisHCl, pH 7.4, 120 mM NaCl, and 0.1% Nonidet P-40 (polyoxyethylene [9] p-t-octyl phenol) supplemented with the protease inhibitors leupeptin (0.5 µg/ml), PMSF (1 mM), and aprotinin (5 µg/ml). Equal amounts of protein (200 µg/ 20 µl) were loaded in each lane and electrophoresed under denaturing conditions in sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE). After electrophoresis, the proteins were electrotransferred onto nitrocellulose transfer membranes (Schleicher and Schuell, Keene, NH). Blotting with rabbit anti-iNOS antisera, mouse anti-eNOS antibodies, or rabbit anti-nNOS antisera (1:1,000 dilution, Transduction Laboratories, Lexington, KY) was performed as described in our previous study [9] . Subsequently, the bound antibodies were stripped from the membranes, and the membranes were reprobed with monoclonal antibody to beta actin (Sigma, St. Louis, MO). The density of each band was measured using a scanning densitometer (GS-700, Bio-Rad Laboratories, Hercules, CA) and analyzed using Molecular Analyst software (Bio-Rad). The ratios of each of the three isoforms of NOS to beta actin were compared using oneway analysis of variance (ANOVA), followed by a Newman-Keuls post hoc test. In all cases, values of p<0.05 were considered statistically significant.
Immunohistochemical staining was performed, with slight modifications, in the manner of our previous study [9] . In brief, 5-µm sections of paraffin-embedded testis were deparaffinized and incubated with optimally diluted primary antisera, including rabbit anti-iNOS, rabbit antinNOS, or mouse anti-eNOS antisera (Transduction Laboratories, Lexington, KY). The immunoreactions were visualized using avidin-biotin peroxidase complexes (Elite kit; Vector, Burlingame, CA), and the peroxidase reaction was developed using a diaminobenzidine substrate kit (Vector).
As seen in Fig. 1 iNOS immunoreactivity was rarely found in the normal rat testis ( Fig. 2A) , while its immunoreactivity was significantly increased at 48 hr after I/R, mainly in the interstitial space (inflammatory cells, Leydig cells, and vessels) surrounding the damaged seminiferous tubules (Fig. 2B) . Constitutive expression of eNOS was noted mainly in vessels of the testes of normal controls (Fig. 2C) . At 48 hr after reperfusion, eNOS immunoreactivity was greatly increased in the majority of germ cells in damaged tubules, as well as in vessels (Fig. 2D) . By contrast, nNOS was occasionally detected only in the interstitial space of the rat testis (Fig.  2E) . nNOS immunoreactivity was obviously enhanced, mainly in the interstitial cells, most likely Leydig cells, and round monocyte-like inflammatory cells around damaged tubules at 48 hr after repairing the torsion (Fig. 2F) .
This study demonstrated that both constitutive eNOS and nNOS are increased significantly at 24-48 hr after I/R, using a semi-quantitative analysis. These synthases might be involved in the delayed phase in acute experimental testicular torsion. To examine the relationship between NOS expression and delayed germ cell death, we analyzed the immunostaining pattern of the three isoforms of NOS in the testis with I/R. NO is a free radical synthesized by NOS, including constitutive eNOS and nNOS, and iNOS. The first two isoforms constitutively generate a physiological level of NO (picograms) and are involved in neurotransmission and vasorelaxation, while iNOS produces a large amount of NO (nanograms) and provides important bactericidal, tumoricidal, and cytotoxic actions [6, 10, 14] . Although constitutively generated NO acts as an intracellular and/or extracellular messenger, it can be toxic to cells at high con- Fig. 2 . Immunostaining of iNOS, eNOS, and nNOS in the testes of normal rats and rats with testicular torsion. A, C, and E:
Normal control testes. B, D, and F: Rat testis at 48 hr after relieving the torsion. iNOS immunoreactivity was rarely seen in the normal control (A); after I/R, iNOS immunoreactivity was obviously increased in inflammatory cells (B, inset, arrows) and in Leydig cells (B, inset, arrowhead) surrounding the damaged tubules. In normal controls, constitutive eNOS expression was noted mainly in the vessels of the testes (C, arrowheads). After I/R, eNOS expression was markedly increased in the germ cells in damaged tubules (D, inset, arrows), as well as in the vessels (D, arrowheads). nNOS was occasionally detected only in the interstitial space of the normal rat testis (E, arrows), while its expression was obviously enhanced around damaged tubules following I/R, mainly in the interstitial cells (most probably Leydig cells; F, inset, arrows) and macrophages (F, inset, arrowhead). Counterstained with hematoxylin. Scale bar=200 µm; scale bar in inset=50 µm.
centrations, owing to the inhibition of DNA replication and lipid peroxidation. Germ cell apoptosis peaks at 24 hr after testicular torsion and reperfusion, and declines by 48 hr after reperfusion [7] [8] [9] . The first signs of germ cell necrosis appeared at 24 hr after I/R in the present study and gradually increased thereafter. This sequential appearance of programmed cell death and necrosis may be attributable to the induction of apoptosis by low concentrations of NO, followed by the induction of necrosis by high concentrations of NO [5, 7, 9, 17] .
Our results generally agree with those of a previous study [14] that indicated that iNOS increases markedly during the delayed phase (24 to 96 hr after reperfusion) of testicular torsion and that the inhibition of NOS ameliorates the incidence of testicular necrosis, but fails to reduce apoptosis [14, 19] . This suggests that excessive NO produced by iNOS around damaged tubules (Fig. 2) participates in the mediation of delayed germ cell necrosis in a paracrine fashion.
Moreover, the pattern of delayed cell necrosis largely matched the pattern of expression of eNOS in this study; eNOS expression was significantly increased in damaged germ cells at 24-48 hr after I/R. This finding contrasts with a previous study showing that eNOS immunoreactivity in some TUNEL-(in situ nick end-labeling) positive germ cells during the early phase after testicular torsion related to germ cell-specific apoptosis following I/R [19] , rather than to delayed cell necrosis. However, we found that germ cells in the damaged tubules were increasingly immunopositive for eNOS in the delayed phase after I/R (Fig. 2) , which suggests that increasing amounts of NO produced in damaged tubules by eNOS as well as iNOS affect the degeneration of germ cells by autocrine or paracrine means following I/R (apoptosis in the early phase and necrosis in the delayed phase after I/R).
It is generally accepted that nNOS also functions in nonneuronal tissues. Previous studies have shown that testosterone-producing Leydig cells are positive for nNOS in human [16] and horse testes [3] , and have suggested that nNOS plays a modulatory role in the biology of interstitial cells that produce testosterone, as well as in spermatogenesis in the seminiferous tubules. Moreover, a previous study suggested that nNOS expression in inflammatory hematogenous cells, including macrophages, may play an important role in the pathogenesis of CNS inflammation [13] . In this study, we observed that the expression of nNOS in the testis was significantly increased in the delayed phase after testicular torsion. Although the pattern of immunostaining for nNOS was similar to that for iNOS in the testis with testicular torsion, intense immunoreactivity for nNOS was seen mainly in interstitial cells, most probably Leydig cells, rather than in inflammatory cells.
In addition, we found differential expression patterns for the three isoforms of NOS in the testis with I/R. The expression of both iNOS and nNOS was seen in the interstitial cells, most probably Leydig cells, and in infiltrating macrophages around damaged tubules, while eNOS expression was localized to the germ cells of severely damaged seminiferous tubules in which germ cell necrosis was also evident. These findings suggest that eNOS and nNOS are also involved in the destruction of tissue owing to NO in acute experimental testicular torsion, in a paracrine or autocrine fashion, although the functional roles of eNOS and nNOS in germ cells, interstitial cells (most probably Leydig cells), and infiltrating inflammatory cells in testicular disease remain unclear.
In conclusion, the three isoforms of NOS appear to be involved in the pathogenesis of testicular I/R injury. Specifically, increased expression of the three isoforms in the delayed phase after I/R seems to relate to delayed germ cell death (especially necrosis) following I/R.
